The consequences for the structures of coordination polymers of introducing fluoro substituents into the terminal phenyl domain of 4′-(biphenyl-4-yl)-4,2′:6′,4′′-terpyridine (1) have been investigated. Reaction between Cu(OAc) 2 ·H 2 O and 4′-(2′,3′,4′,5′,6′-pentafluorobiphenyl-4-yl)-4,2′:6′,4′′-terpyridine (2) yields the one-dimensional coordination polymer [Cu 2 (μ-OAc) 4 (2)] n which contains paddle-wheel {Cu 2 (OAc) 4 } nodes bridged by ligands 2. The compound is isostructural with [Cu 2 (μ-OAc) 4 (1)] n . When Cu(OAc) 2 ·H 2 O reacts with a 1 : 1 mixture of 1 and 2,
Introduction
The replacement of hydrogen in a compound by fluorine not only influences the physical and chemical properties of the compound 1 , but may also significantly alter solid-state packing interactions. The classic example concerns the crystal packing in solid benzene or hexafluorobenzene versus a 1 : 1 co-crystallized mixture. Both C 6 H 6 2 and C 6 F 6 3 exhibit edge-toface CX⋯π interactions (X = H 4-6 or F 7 ), while the cocrystallized material has infinite columns of alternating C 6 D 6 and C 6 F 6 molecules which interact through π-stacking interactions. 8, 9 Molecular assembly directed by such arene⋯perfluoroarene interactions is now well recognized. 10, 11 A wider perspective has been taken by Hulliger and coworkers who have surveyed the roles played in crystal engineering by phenyl⋯perfluorophenyl (abbreviated as π H ⋯π F ), CF⋯H, F⋯F and CF⋯π F interactions; they concluded (in 2005) that 'the role of fluorine in crystal engineering is not yet clear in detail'. 12 An update of this picture appeared in 2011, adding CF⋯M + , CF⋯CO and anion⋯π F contacts to packing interactions in fluorine-containing compounds. 13 A study of the packing of partially fluorinated diphenylethynes underlines the importance of phenyl⋯perfluorophenyl stacking but questions the stabilizing effects of CH⋯F and CF⋯F contacts.
14 Although π H ⋯π F stacking has gained significant attention in crystal engineering and has been utilized to direct host-guest complex formation, 15 the coexistence of arene and perfluoroarene rings does not necessarily result in such interactions. Competitive packing motifs may predominate, and hydrogen bonds in particular are favoured over π H ⋯π F contacts. 13 (The strength of the face-to-face π H ⋯π F interaction is ca. 20 to 25 kJ a Department of Chemistry, University of Basel, Spitalstrasse 51, CH-4056 Basel, mol −1 . 11 ) More subtle factors may also tip the balance. For example, the compounds shown in Scheme 1a crystallize with no face-to-face π H ⋯π F interactions. 16 In contrast, the molecules of a related 2,2′-bipyridine derivative with X = F (Scheme 1b) pack with π H (py)⋯π F interactions, while co-crystallization of the two compounds in Scheme 1b leads to a crystal lattice containing efficient π H ⋯π F contacts. 17 Surprisingly, the use of phenyl⋯perfluorophenyl interactions to direct the assembly of coordination polymers has received little attention. Two examples with related ligands present contrasting packing motifs, with the presence of an ethyne unit in the first example apparently playing a critical role. Reaction of 1,4-bis(4′-pyridylethynyl)tetrafluorobenzene (Scheme 1a, top) with zinc(II) nitrate results in the formation of a one-dimensional polymer in which zig-zag chains interact with each other through π alkyne ⋯π F and π alkyne ⋯π pyridine interactions; there is no π H ⋯π F stacking. 16 The related ligand 1,4-bis(4′-pyridylmethyl)tetrafluorobenzene reacts with Cd(NO 3 ) 2 and aniline to give a one-dimensional coordination polymer in which {Cd(NO 3 ) 2 (C 6 H 5 NH 2 ) 2 } nodes are connected by bridging ligands. In this case, adjacent chains interact through π H ⋯π F stacking. However, replacing aniline by 4-bromoaniline turns off the inter-chain π H ⋯π F interactions. 18 We have recently reported the assembly of coordination polymers containing the functionalized 4,2′:6′,4′′-terpyridine 1 (Scheme 2) and have discussed the role that face-to-face π-stacking of pairs of biphenyl domains and pairs of tpy units plays in the organization of polymers formed in reactions of 1 with Zn(OAc) 2 ·2H 2 O, Cu(OAc) 2 [Cd 2 (μ-OAc) 4 (2) 2 ] n A solution of 2 (23.6 mg, 0.050 mmol) in CHCl 3 (6.0 mL) was placed in a long test tube, and MeOH (3.0 mL) was layered on top of the solution. A solution of Cd(OAc) 2 ·2H 2 O (26.7 mg, 0.100 mmol) in MeOH (5.0 mL) was added carefully, and the tube was sealed with parafilm and left for 3 weeks at room temperature. Over this period, colourless crystals formed and were isolated by decantation. Satisfactory analysis on the bulk sample could not be obtained.
Crystallography
Single crystal data were collected on a Bruker APEX-II diffractometer with data reduction, solution and refinement using the programs APEX 21 and SHELXL-97 or SHELX-13. 22 The ORTEP-type diagram and structure analysis used Mercury v. 3.0. 23, 24 Powder diffractograms were measured on a STOE STADI P diffractometer equipped with Cu Kα1 radiation (λ = 1.540598 Å) and a Mythen1K detector. 
Results and discussion
Synthesis and characterization of compound 2 F NMR spectra were in accord with the structure of 2 shown in Scheme 3. 1 H and 13 C NMR spectra were assigned using COSY, HMQC and HMBC techniques. The resonance for the ipso-carbon of the fluorinated ring (C D1 ) was located using an HMBC cross peak between H C3 and C
D1
; multiplets for the remaining 13 C signals in ring D were not resolved. Fig. 1 compares the absorption spectra of compounds 1 and 2; the introduction of the fluoro substituents blueshifts the most intense absorption from 278 to 268 nm.
Single crystals of 2 were grown from a CHCl 3 solution layered with hexane. The compound crystallizes in the monoclinic space group Cc, and the structure is shown in Fig. 2 ; bond lengths and angles are unexceptional. The tpy domain is close to planar, and the pentafluorophenyl ring also lies approximately in this plane, with the phenylene ring showing a significant twist. Using the ring labelling in Scheme 2, the angles between ring planes are A/B = 9.6 and 6.3°, B/C = 34.9°and C/D = 32.5°; twisting of B/C and C/D pairs of rings minimizes repulsions between ortho substituents on adjacent rings, whether they be H or F atoms. In contrast to 2, compound 1 crystallizes in the space group P2 1 /c with five independent molecules which possess significant differences in conformation. 19 Crystal packing in 1 involves π-stacking and CH⋯N interactions. However, the conformational variation among independent molecules precludes a simple packing description. In contrast, slipped π H (py)⋯π F contacts between molecules of 2 result in the assembly of chains which run parallel to the c-axis (Fig. 3a) . However, the π interaction is not optimal; the pentafluorophenyl ring lies between two pyridine rings with π F centroid⋯π H (py) centroid Scheme 3 Synthetic route to compound 2. (Fig. 3b) , but the interplane angles and centroid⋯centroid separations (14.6°with 4.21 Å and 16.3°with 4.63 Å) are outside the limits for efficient interactions. Additional CH⋯N and CH⋯F contacts contribute to the overall packing between the chains. We note that the structure of 4′-pentafluoro-2,2′:6′,2′′-terpyridine has been reported, but the packing has not been discussed. 26 Inspection of the structure (CSD 27 refcode NAZYOE) shows that the pentafluorophenyl unit is sandwiched between two tpy domains of adjacent molecules, with a stacking interaction with respect to each tpy similar to that in 2.
In the context of the coordination polymers discussed later in this work, it is significant that the solid-state structures of 1 and 2 differ. We investigated the co-crystallization of 1 and 2 from CH 2 Cl 2 /MeOH layered with hexane, but X-ray diffraction analysis of single crystals from these mixtures revealed the growth of separate crystals of 1 19 and 2, with structures identical to those previously determined.
The coordination polymer [Cu 2 (μ-OAc) 4 (2)] n Ligand 1 reacts with copper(II) acetate or zinc(II) acetate to give isostructural coordination polymers in which paddlewheel {M 2 (μ-OAc) 4 } units are connected through bridging ligands 1 to form infinite zig-zag chains. Adjacent chains associate through a combination of face-to-face stacking of pairs of biphenyl domains and pairs of tpy domains. 19 Slow diffusion of a chloroform solution of 2 into a methanol solution of Cu(OAc) 2 ·H 2 O resulted in the growth of X-ray quality crystals of [Cu 2 (μ-OAc) 4 (2)] n . Elemental analysis of the bulk sample was in accord with this formulation, and the powder diffraction pattern for the bulk sample was in agreement with that calculated from the single crystal data (Fig. S1 †) . Like [Cu 2 (μ-OAc) 4 (1)] n , 19 [Cu 2 (μ-OAc) 4 4 } unit, and the second half of the repeat unit of the polymer is gen erated by a 2-fold axis (Fig. 4) Packing of zig-zag chains in [Cu 2 (μ-OAc) 4 (2)] n involves the organization of chains into sheets and π-stacking interactions between arene domains in adjacent sheets. The left-hand part of Fig. 5a illustrates how the pentafluorophenyl unit slots into the V-shaped cavity of a tpy domain of the next chain with short CH methyl ⋯F (2.51 Å) and CH tpy ⋯F contacts (2.42 and 2.54 Å). Although attractive in nature, these interactions are apparently not significant in terms of assisting assembly of the chains into sheets since CH⋯F interactions in [Cu 2 (μ-OAc) 4 (2)] n are replaced by CH⋯H contacts in [Cu 2 (μ-OAc) 4 (1)] n . 19 Chains in adjacent sheets in [Cu 2 (μ-OAc) 4 (2)] n exhibit the same tpy⋯tpy π interactions (Fig. 5b) that are observed in a number of related structures containing functionalized 4,2′:6′,4′′-terpyridines and {Zn 2 (μ-OAc) 4 } or {Cu 2 (μ-OAc) 4 } nodes. 19, [28] [29] [30] Pyridine rings with N1 and N2 engage in face-to-face contacts with those containing N1 iii and N2 iii (symmetry code iii = 1 − x, 3 − y, 2 − z) at a separation of 3.48 Å. These are complemented by head-to-tail stacking of pentafluorobiphenyl domains giving π H ⋯π F interactions (Fig. 5a, right-hand side) . However, the twist angle of 31.5°between the bonded C 6 F 5 and C 6 H 4 rings reduces the efficiency of the interaction, with the angle between the stacked rings necessarily also being 31.5°.
Co-crystallization of [Cu 2 (μ-OAc) 4 (1)] n and [Cu 2 (μ-OAc) 4 
(2)] n
To further investigate the effects (or lack thereof) of replacing a phenyl by pentafluorophenyl substituent on crystal packing, we reacted Cu(OAc) 2 ·H 2 O with a 1 : 1 mixture of ligands 1 and 2. Elemental analysis of the bulk sample was consistent with an overall stoichiometry of [Cu 2 (μ-OAc) 4 (
The product crystallized in the monoclinic C2/c space group with cell dimensions essentially the same as those of [Cu 2 (μ-OAc) 4 (1)] n and [Cu 2 (μ-OAc) 4 (2)] n . Structural analysis confirmed not only the formation of [Cu 2 (μ-OAc) 4 (1)] n ·[Cu 2 (μ-OAc) 4 (2)] n but also the fact that the asymmetric unit contains the two ligands superimposed; the terminal phenyl/pentafluorophenyl ring is disordered and has been modelled with a 0.5/0.5 site occupancy of each of ligands 1 and 2. An ordered structure with alternating ligands 1 and 2 along the polymer chain would require a bigger unit cell resulting in more observable reflections, but no additional reflections were observed between the original intensities. This confirms that the only meaningful way to describe the structure is with a disordered model. The metrical parameters of the {Cu 2 (μ-OAc) 4 The powder diffraction pattern for the bulk sample was in accord with the pattern calculated from the single crystal diffraction data (Fig. S2 †) . Reaction of 2 with two equivalents of Zn(OAc) 2 ·2H 2 O yielded colourless blocks and plates in the same crystallization tube. Preliminary crystal data for the colourless blocks confirmed this to be the one-dimensional coordination polymer [Zn 2 (μ-OAc) 4 (2) ] n which crystallizes in the monoclinic space group C2/c and possesses the same gross structure as [Zn 2 (μ-OAc) 4 (1)] n , 19 [Cu 2 (μ-OAc) 4 (1)] n 19 and [Cu 2 (μ-OAc) 4 (2)] n .
Reaction of Zn
Repeated attempts to obtain a good quality crystal were unsuccessful. X-Ray analysis of the colourless plates revealed the formation of [Zn 5 (OAc) 10 (2) 4 ·11H 2 O] n with an unexpected one-dimensional polymer assembly in which four bridging ligands 2 are associated with five zinc atoms. The repeat unit (Fig. 6 ) contains five crystallographically independent zinc atoms; Zn1 and Zn5 are tetrahedrally sited, while Zn2, Zn3 and Zn4 are 6-coordinate ( Table 1 Each ligand 2 coordinates only through the outer pyridine rings, as is typical for 4,2′:6′,4′′-terpyridines. Fig. 6 illustrates that Zn2, Zn3 and Zn4 are connected to two ligands 2, while each of Zn1 and Zn5 is bonded to only one. The connectivities are such that {Zn 5 (2) 4 } units (black arrow in Fig. 7a ) are interconnected by {Zn 5 (OAc) 10 } units (red arrow in Fig. 7a ) to generate infinite polymer chains that run parallel to the c-axis (Fig. 7a and b) . Fig. 7b illustrates how the domains of four pentafluorobiphenyl units protrude from either side of the chain. The four ligands 2 present in the repeat unit shown in Fig. 6 engage in face-to-face stacking of tpy domains and of pentafluorobiphenyl domains, and the efficiencies of the interactions can be assessed from the parameters given in Table 2 .
When viewed through the π-stacked domains, the chains exhibit a similar zig-zag appearance to the single chains in [Zn 2 (μ-OAc) 4 (1)] n , 19 [Zn 2 (μ-OAc) 4 (2)] n , [Cu 2 (μ-OAc) 4 (1)] n 19 and
[Cu 2 (μ-OAc) 4 (2)] n . As in [Cu 2 (μ-OAc) 4 (2)] n (described above), this involves assembly of chains into sheets and π-stacking between arene units in adjacent sheets. Fig. 8 illustrates the packing of two adjacent chains within one sheet (blue and green chains) and between two chains in adjacent sheets (red and blue chains). The latter is comparable to that shown in Fig. 5b . We cannot comment on the role played by the water molecules in [Zn 5 (OAc) 10 (2) 4 ·11H 2 O] n . Hydrogen atoms on the water solvates could not be located reliably from the difference map and were not included in the model. In order to gain insight into the composition of the bulk crystalline material, all crystals (except for those used for single crystal X-ray diffraction) were collected and ground to a powder. The powder pattern for the bulk material is shown in Fig. S2 . † When matched to patterns simulated from single crystal data for [Zn 5 (OAc) 10 (2) 
Comments on the variation in metal assembly motifs
Dimetallic {M 2 (μ-O 2 CR) 4 } paddle-wheel building blocks (Scheme 4a) are frequently used to direct the assemblies of coordination polymers and metal-organic frameworks (MOFs). [45] [46] [47] Kühn and coworkers have emphasized that the final assembly arises from interactions between organic linkers with paddle-wheel units which are formed in situ rather than from a pre-formed dimetallic unit and the organic linker. 45 Thus, the success of its use as a secondary building unit 47 50 In each of the above cases, a single analytically pure product is obtained in which the metal acetato assembly deviates from the more common paddlewheel motif.
The results described in this and our earlier work 19, [28] [29] [30] 32 illustrate both predictable and unpredictable, and in some cases competitive, structural diversity among {M x (OAc) 2x } nodes (x = 1, 2, 3, 5) leading to the formation of single-, double-, triple-or quadruple-stranded one-dimensional coordination polymers. Single-stranded coordination polymers containing {M 2 (OAc) 4 The outcome of the reaction of Zn(OAc) 2 ·2H 2 O with 2 is unexpected and not readily explained. The anticipated single-stranded polymer [Zn 2 (μ-OAc) 4 (2)] n is indeed formed, but the dominant crystalline product is the quadruplestranded [Zn 5 (OAc) 10 (2) 4 ·11H 2 O] n . The remarkable feature of this polymer is the 5 : 4 ratio of zinc atoms : bridging ligands which leads to a deep (thick) chain constructed from interconnected, oblique {Zn 5 (2) 4 } subchains (Fig. 7a) . This assembly is a highly unusual 1D net, and Scheme 5 compares it to more commonly cited examples. 51, 52 The net defined by all Zn atoms is shown in Scheme 5a, and the 
